Abstract-Multicasting has become a particularly important technique in the context of cache-enabled cloud radio access networks proposed for 5G systems, where it can be used to transmit common information to multiple users to improve both spectral and energy efficiency. For the efficient spectrum utilization, the future communications are based on aggressive frequency reuse, where the required data rates can be achieved with multiple-input multiple-output precoding techniques. This approach, however, calls for advanced interference coordination techniques. This paper summarizes some of the core approaches proposed in the literature and discusses the main future challenges.
I. INTRODUCTION
The upcoming years are expected to bring 45 percent yearly increase in the global mobile data traffic, resulting in a tenfold increase between 2016 and 2022 [1] , [2] . The rapid evolution of wireless communications such as the increasing popularity of the smart phones is causing significant changes on the type of communications. The shift toward content-centric transmission like video streaming or mobile television means that more and more users want to access the same information at the same time. To overcome this challenge, multicasting has received an increasing attention in the literature. The cloud radio access network architecture (CRAN) which has been proposed to respond to the huge future data traffic and latency requirements enables multi-cell cooperation and flexible platform for efficient communications. In particular, the multicasting transmission combined with caching of the popular contents enables high data rate applications with good spectral and energy efficiency [3] , [4] . Moreover, for the efficient spectrum utilization, the future communications are based on aggressive frequency reuse, where the required data rates can be achieved with multiple-input multiple-output (MIMO) precoding techniques. Although MIMO precoding together with CRAN architecture has a huge potential, it poses many challenges in terms of smart cooperation, user allocation/scheduling, and interference coordination. The interference between the different data streams has to be addressed via advanced interference coordination methods when designing the precoding.
The core difference of multicasting from the conventional unicasting transmission is that a common beamformer is designed for a group of users, which means that the transmitted common data rate for the group is determined by the user having the worst channel conditions. This makes even the conventional transmit power minimization problem NP-hard [5] , [6] . Multicast beamforming problems have been studied in single-cell systems for different optimization targets, e.g., transmit power minimization [5] , [6] , signal-to-interferenceplus noise ratio (SINR) balancing [6] , [7] , and sum rate maximization [8] . Coordinated multicast single group beamforming for transmit power minimization and max-min fairness has been studied in [9] , where the semidefinite relaxation (SDR) was used to solve these problems. Bornhorst et al. [10] proposed a distributed successive convex approximation (SCA) based method to solve the multicasting problem in the relay networks with single-antenna nodes. The weighted SINR balancing problem with more practical per-antenna power constraints was considered in [7] , [11] , and the work was extended to the sum rate maximization problem in [12] . He et al. [13] proposed a centralized algorithm for the energy efficiency maximization problem in multi-cell multigroup system. One of the important limitations in the multi-antenna beamforming is that the number of radio frequency (RF) chains is limited due to complexity and cost issues. This limitation was taken into account in [14] , where the problems of joint beamforming and antenna selection for transmit power minimization and maxmin fairness were studied. The antenna selection problem was considered as a sparse beamforming solution, which resulted in semidefinite program (SDP) together with semidefinite relaxations. From the energy efficiency viewpoint, the joint beamforming and antenna selection problem was recently studied in [15] , where the continuous relaxation together with successive convex approximation algorithm was applied to solve the problem.
In this paper, we briefly summarize the coordinated multicast beamforming techniques proposed in the literature and discuss the motivation and challenges of multicasting in future wireless communications. Section II presents the system model and discusses the differences between unicasting and multicasting. The overview of the methods is provided in Section III, Section IV provides numerical examples and future challenges 978-1-5386-3873-6/17/$31.00 c 2017 IEEE are discussed in V.
II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model
A generic multi-cell multigroup multicasting system is illustrated in Fig. 1 . It includes B BSs, where each BS b ∈ B = {1, . . . , B}, transmits information to G groups of users in the coverage area. Each group receives different independent information but the message for the users within each group is common. The set of groups served by BS b is denoted by G b = {j, j + 1, . . . , j + G b − 1}, where G b is the number of groups served by BS b, and j is a group index. The total number of users and groups in the network is denoted by K = |K|(K = {1, . . . , K}) and G = |G|(G = {1, . . . , G}), respectively. BS b is equipped with N b transmit antennas, whereas each user has only one receive antenna. The serving BS of user group g is denoted as b g . The set of users in group g is denoted by K g ⊂ K. Since each user belongs to only one group, the sets of users belonging to different groups are disjoint, i.e.,
The received signal at user k in group g is given by
where
is the transmit beamforming vector of group g, s g ∈ C is the corresponding normalized data symbol and n k ∼ CN (0, σ 2 k ) is the complex white Gaussian noise sample with zero mean and variance σ 2 k . The SINR of user k can be written as
Since the same information is transmitted to multiple users in a group, the transmission rate is determined by the user having the worst channel condition in the group. As a result, the data rate for user group g is given as
B. From Unicasting to Multicasting
The previous cellular network standards have been designed to unicasting operations [4] . The reason for increasing interest of multicasting is the nature of future communications. The development of smart devices enables, e.g., online video streaming everywhere and a number of users may request the same data at the same time. In order to use scarce frequency spectrum in an efficient manner, multicasting can significantly save transmission resources with improved QoS compared to the unicasting case where the same information would be transmitted in different resources [16] . This is also recognized in LTE specifications by the name Evolved Multimedia Broadcast and Multicast Services (eMBMS) [17] . Obviously, the benefits of multicasting over unicasting depend on the user distribution. For example, when the population is concentrated in a small geographical area, multicasting is an appropriate way of delivering the same requested data to large number of users. However, if the user distribution is more sparse, unicasting may provide better alternative. The 3GPP standards and the commercial versions of eMBMS, e.g., LTE broadcast presented by Qualcomm [18] , enable dynamic switching between unicasting and multicasting, which improves the scalability and flexibility of multicasting.
In the conventional unicasting transmission [19] - [21] , each user receives independent information from one or more BSs. This means that the BSs are able to construct independent narrow beams toward each user. However, in a multicasting transmission, the BSs can only design a common wider beam to a user group receiving the common information. In particular, a beamformer designed for one group impacts not only to the desired signal power of one user, but to the signal power of all the users in one group. As a result, even the conventional power minimization problem [19] becomes more difficult to solve. Specifically, the traditional optimal approach from unicasting which converts the power minimization problem to an SOCP [19] is no longer applicable. Another approach based on the standard SDR which converts the same problem to SDP cannot necessarily solve the multicasting power minimization problem optimally because the unit rank solution cannot be guaranteed. However, many suboptimal approaches have been already provided in the literature, and we briefly review a few of them for different optimization metrics in Section III.
III. INTERFERENCE COORDINATION FOR MULTICASTING
A. Sum Power Minimization
Due to the aggressive frequency reuse, the main problem in multi-cell systems is to address the resulting inter-cell interference. For the power minimization target, this problem was solved in [9] , [22] , where both centralized and distributed solutions have been proposed. More specifically, the optimization target is to minimize the total transmit power with userspecific QoS constraints. This problem can be cast as min.
where γ k is the minimum SINR requirement for user k. The SINR requirement can be equivalently mapped to a minimum rate requirement. Problem (4), which is a more generic multicell version of the problem in [5] , is also non-convex and NP-hard, and thus, cannot be solved in its current form. The standard SDR can be applied to approximate the problem as min.
which is a convex SDP. Although the above problem can be solved optimally, the optimality of the original problem (4) is not guaranteed because the optimal covariance matrices are not necessarily rank-1. To this end, Gaussian randomization has been used to find feasible beamforming solution from the covariance matrices. Problem (5) can be efficiently solved via centralized processing, where each base station has to share the local channel information to a central controller. However, the signaling overhead of the centralized approach scales with the number of antennas, and it also incurs additional delays. To reduce the signaling overhead and be more robust in the time-varying channels, [9] , [22] have also proposed distributed methods based on primal decomposition. The distributed approaches only require sharing the user-specific intercell interference variables, i.e., the signaling overhead only scales with the number of users. The distributed solutions can provide more practical approach especially with high number of antennas because sharing all the channel information to a central controller or baseband unit in the CRAN systems may be difficult to realize with reasonable delays. An alternative solution was proposed in [23] by explicitly replacing the SINR constraints with rate constraints, i.e., log(1 + Γ k (w)) ≥R k . The authors proposed successive convex approximation based methods both with and without applying the SDR.
B. SINR Balancing
The problem of fair minimum SINR maximization in multiuser MISO systems with more practical per-antenna power constraints was studied in [7] . This problem can be cast as max.
{wg }g∈G min.
where ω k ≥ 1 is some priority weight for user k. The above problem can be equivalently expressed as max.
where t is a new variable representing the minimum SINR which has to be satisfied by all the users in the network. Again, by using the standard SDR, the above non-convex problem can be transformed as max.
For fixed t, (8) is convex and, thus, can be solved via bisection method in the interval t min and t max . After finding the optimal covariance matrices, the Gaussian randomization can be used to find feasible beamformers if the solution is not rank-1.
C. Sum Rate Maximization
The sum rate maximization for single-cell multigroup multicasting was considered in [12] . To express the problem in a multi-cell system, we can write max.
Christopoulos et al. [12] proposed a heuristic iterative algorithm to solve this problem. Firstly, the beamforming directionsw were solved to minimize the per-antenna minimization problem with some SINR targets. Subsequently, the minimum group-specific SINR targets are calculated as the minimum SINR per group γ g (w) = min k∈Kg (Γ k (w)). Then, by fixing the target SINR values, the power allocation was solved via subgradient method. The intuition behind the method is that any additional power which is still available after solving the per-antenna power minimization problem, is used to increase the total sum rate.
D. Energy Efficiency Maximization with Antenna Selection
The work of [15] studied energy efficiency maximization by jointly optimizing multicast beamformers and active antennas. The optimization target is to maximize network energy efficiency
where η ≤ 1 is the power amplifier efficiency which is assumed to be fixed for simplicity, P RF is power consumption per active RF chain, P sta is a fixed power consumption value consumed for signal processing and other related operations, w
includes the beamforming coefficients related to antenna i of BS b and index j refers to a group index served by BS b. The constraint in (10b) guarantees that if a b,i = 0, then the beamformers associated with antenna i are set to zero. Due to the binary variables a, the above problem is categorized as mixed-Boolean non-linear program which is difficult to solve. First, the new equivalent transformation was proposed by replacing (10b) with
where v b,i is a new variable representing the allocated power for antenna (b, i), α ≥ 1 is a fixed penalty parameter which reduces the feasible set of the problem, and potentially yields close to binary solutions when the continuous relaxation is applied. We proposed a successive convex approximation based algorithm [15] , where the binary variables are relaxed to take continuous values in the interval [0,1]. In particular, the following problem is iteratively solved max w,γ,v,a,β,r
by updating the linear approximations χ
k (w g , β k ) after each iteration according to the SCA principle [24] . The problem is a concave-convex fractional program which can be solved by using the Charnes-Cooper transformation [25] . Although the antenna selection variables are continuous, they are illustrated to converge close to binary variables due to the new formulation (12b).
IV. NUMERICAL RESULTS
We evaluate the performance for a quasistatic frequency flat Rayleigh fading channel model with B = 2 base stations. Each BS serves two groups of users with |K g | = L users per group. The considered system model is a worst case interference system where all the user groups are co-located so that the average path loss from all the BSs to all the users is 0 dB. We assume a unit bandwidth and noise power is normalized to N 0 = 0 dBW. We set N b = N = 12, ∀b ∈ B, and γ k = γ, ∀k ∈ K.
Due to the fact that the common beamformer is designed for many users in the multicasting transmission, it is obvious that the performance decreases when the user group size increases. The reason for this is that the transmitted beams are wider due to the user separation, which simply means that more power is required to achieve certain QoS thresholds and the resulting interference increases. This phenomena is illustrated in Fig. 2 , where the minimum total transmit power is plotted against the group size. In particular, the number of transmitted data streams remains fixed but more users request each of the streams. It is observed that the power consumption approximately doubles when the group size doubles. The increase in the average interference power is illustrated in Fig.  3 . We can see that there is a significant increase in the optimal interference level which shows the importance of interference coordination. Interestingly, for the case of unicasting (group size 1), the higher SINR levels are achieved by allowing lower interference level.
In the final example, we compare the performance of multicasting and unicasting. Specifically, we have solved the power minimization problem with the multicasting strategy, where each group contains L users as shown in x-axis, and compared it with the method where each user in each multicasting group is served in a unicasting manner with orthogonal resources. All the users have got exactly the same average service level and equal number of resources are consumed as in the multicasting case. It is observed that multicasting strategy achieves significantly superior performance to unicasting, demonstrating the better spectrum efficiency. We can also see that the benefits of multicasting increase with higher QoS levels.
V. FUTURE CHALLENGES
Multicasting is an efficient technology for popular content delivery. However, the intelligent use of it is not a trivial task. For example, the decision whether the specific content within a specific location is popular enough should be done smartly, since it takes resources from unicasting traffic. This calls for wise user allocation and scheduling of unicasting/multicasting users. Another important issue requiring careful planning is the joint design of user/BS clustering and beamforming since the BSs are densely deployed in future cellular systems. The MIMO techniques are also limited by the number of RF chains, for which advanced antenna selection strategies can provide good solutions to take the benefits from the antenna diversity. When the multicasting is applied in CRAN systems, the centralized baseband processing of CRAN can potentially lead to large delays since a significant part of the information processing is concentrated on the base band unit in the other end of the fronthaul link. To address this issue, caching of popular contents can provide significant benefits in terms of signaling overhead of the fronthaul/backhaul links and delays, by bringing the data closer to the end users [3] , [4] . However, it imposes the same challenges, what information should be cached, where, how long and what is the proper size for the cache. To address these challenges, some solutions and discussions have been provided in [3] , [4] , [26] .
